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I. INTRODUCTION AND PREVIOUS WORK 
The slowing down of neutrons in a moderating medium is accomplished 
almost entirel y by means of elastic collisions between the neutrons and 
the nuclei of the moderator . The slowing down region for neutrons is con-
sidered to extend from their energy at birth down to a few tenths of an 
eV. In this region neutron interactions with the medium are considered 
as interactions between perfectly elastic spheres in which momentum and 
energy are conserved , and in which the nuclei of the medium are treated 
as free nuclei at rest because both their binding energy and thermal 
motion energy are small as compared to the energy of the incident neutrons. 
The thermalization region pertains to that part of the energy spec-
trum (and hence of time in a pulsed experiment) where the binding energy 
of the atoms is no longer negligible in comparison to the energy of the 
incident neutrons. In this region the interaction becomes complicated 
and it is possible for a neutron to gain or lose energy in the collision. 
Whil e the overall trend is still toward the loss of energy, the time re-
quired for thermalization is much greater than that for slowing down. 
The thermalization region extends down to the region where neutrons are 
in thermal equilibrium with the medium. In the equilibrium state the 
neutron population dies away by absorption and leakage without any 
changes in their energy spectrum. 
In addition to slowing down and thermalization, neutrons of all 
energies are subject to absorption by and leakage out of the medium. 
Some inelastic scattering occurs while the neutrons are at higher energies 
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and there are discrete energy levels at which it may occur in lower 
energy neutrons. Inelastic scattering is significant in nuclei of high 
mass number in which the energy levels are low. In assemblies consisting 
mainly of moderating material (low mass number nuclei) inelastic scatter-
ing may be neglected. 
It was the thermalization region with which this investigation was 
concerned. The parameter of interest was the thermalization time con-
stant in water . This parameter is a measure of the speed with which the · 
neutron spectrum approaches thermal equilibrium. The origin and validity 
of a model from which this parameter arises will be considered later. 
The purpose of the experiments was to determine the thermalization 
time constant as a function of position inside a moderating assembly con-
sisting of a large tank filled with water. To accomplish this, a pulsed 
neutron source was utilized to periodically inject a short, essentially 
monoenergetic burst of neutrons into the water tan!<. The resulting spec-
trum was then sampled by introducing a thin foil of cadmium into the tank. 
Cadmium has a high thermal cross section and emits prompto radiation upon 
neutron capture. A scintillation crystal was used for detection and the 
time between the neutron burst and subsequent capture was measured and re-
corded. Each experimental run lasted until sufficient counts were ac-
cumulated. The data gathered in this manner, properly analyzed and inter-
preted, yielded the thermalization time constant. The position of the 
cadmium foil was varied to obtain the thermalization time constant at 
various positions. 
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A main part of t his thesis was to construct a time of fl ight unit, 
which, when used in conjunction with the Ri dl multichannel analyzer would 
provide adequate time resolution for the measu r ement of the time interval 
between the fast neutron bur st and a subsequent neutron capture. A time 
r esolution of v.25 p sec was necessary because of t he rate of thermal iza-
tion in a hydrogeneous medium. 
Initial thermalization measurements were made by Von Dardel (1, 2 ). 
He measured time dependent transmission of neutrons through 1/v absorbers 
of varying thicknesses with a BF.3 counter as a 1/v det ector. Small volumes 
of wat er and heavy water were used ES moderators . With a time resolution 
of 3 p sec, he obtained a thermalization t ime constant of 7 µ sec. Using 
the neutron temperature concept with an assumed Maxwellian neutron spec-
trum, which will be discussed i n the fol l owing section, he calculated a 
time constant of 6 p sec . One problem in his measurements was t o account 
for time-of-flight effects to ana within the 1/v detector a nd he recom-
mended that the experiments be refined with better time resolution . 
Similar measur ements were made by Antonov !:! al . ( 3) and Beckurts (4) 
in graphite, and by Iyengar~ !:_l. (5) in beryllium oxide . A variation 
of the same techni que was applied by Starr a nd de Villiers (6) in graphite. 
The latter experiments utilized time resolutions of around 10 )lSec. and 
were also subject to time of flight errors. 
Moller and Sj3strand (7) introduced t he technique utilized in this 
experiment. The i r indicators coneisted of solutions of cadmium, samarium, 
and gadolinium compounds placed in small sealed containers. The water 
moderator, in which the container was placed , was poisoned with bor on to 
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the same macroscopic cros s section as the indicator solution. This was 
to minimize flux perturbations by the indicator solutions. 
With a time resolution of 0.3 ~sec, Moller and Sjostrand obtained a 
thermalization time constant of 4.1 !: 0.4 )lSec. They also concluded that 
approximately 9psec after injection of the neutron pulse, the neutron 
temperature concept adequately describes the process and that thermaliza-
tion is essentially terminated about 30psec after injection of the neutron 
pulse. 
Similar experiments were performed by Adamantiades (8) by use of 
foils as indicators with distilled water as the moderator. The result 
with cadmium foils was 4 . 0 ! 0 .4.Jlsec. which is in good agreement with 
Moller and Sjostrand. The dimensions of the foils utilized in the 
Adamantiades' experiments were 9 cm x 9 cm x 0.05 cm. The source to 
indicator distance was about 10 cm and the indicator to detector distance 
was about 4 cm. 
The present experiments were modeled after these of Adamantiades 
with a variable distance between source and indicator in order to obtain 
the space dependence of the thermalization time constant. 
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II. THEORETICAL CONSIDERATIONS 
A. Reaction Rates 
Before considering the theoretical models from which the thermaliza-
tion time constant arises it would be helpful to discuss the physical 
situation. Each individual count recorded by the system represents a 
thermal neutron capture in either the moderator or the indicator. There 
is practically no time delay between the neutron capture and the detection 
of the associated o -ray by the scintillation crystal . Contributions 
from inelastic scattering will be significant only during a brief time 
interval following the injection of the neutron burst while the neutrons 
are still at high energies. A large peak will be noted at this point 
in the accumulated time spectrum and this peak is used to locate the time 
of injection. The accumulated spectrum from many neutron bursts repre-
sents a total reaction rate given by 
R(t) = ) }Em(v)0(r,v,t)?\(r)dvdr + 
vm O 
S (~(v)0(r,v,t,)£(r)dvdr 
vi t 
+ B 1 
where Em(v) and Zi(v) represent the respective absorption crossssections 
for the moderator and the indicator respectively;11 (r) and f.. (r) represent 
detector efficiencies as functions of spacial location over the moderator 
and indicator volumes. The first term is integrated over the volume of 
the moderator (Vm) and the second term is integrated over the volume of 
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the indicator (Vi). The third term, B, is considered to include all ex-
traneous d sources such as inelastic scattering of high energy neu~rons 
and other background present. This term also represents information of 
the integral kind. 
If one repeats the experiment under identical conditions but without 
the indicator foil, the reaction rate in this case could be represented 
by the same expression without the middle term. Although there is local-
ized flux perturbation due to the indicator foil, it should not affect 
the determination of the thermalization time constant which is determined 
from the slope of the curve and not the absolute magnitude. Notice that 
the flux perturbation with the cadmium inserted should not affect the 
third term, B, since the absorption cross sections are very low for high 
energy neutrons from which the term mainly arises . The reaction rate 
now becomes 
R(t) = } t~i (v)fo(r,v,t) £ (r)dvdr 
v i. 
2 
Since the indicator foil is small there should be no significant 
variation in detector efficiency or flux across it and the reaction rate 
may be represented by 
R(t) = A (o<>Z.(v)foJv,t)dv J0 l 
where ~.(v,t) is the flux at the indicator position. 
l 
The terms which drop out are also made small by discriminating 
3 
against the energy range in which their contribution is significant. This 
is considered further in the discussion. 
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B. The Neutron Temperature Concept 
A method proposed by Moller and Sjostrand (7) for measuring the 
thermalization time constant, tth, is based on a thermalization model 
introduced by Von Dardel (1). This model assumes a hot neutron gas with 
a Maxwellian distribution about temperature T, cooling exponentially to-
ward the moderator temperature T0 by energy transfer to the moderator. 
Effective cross sections are used, as given by the g-values calculated by 
Westcott (9). The g-value represents the deviation from a 1/v cross 
section and is defined for a Maxwellian neutron spectrum by 
):~v)Z:.(v)vdv 
g = 
--------
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where v0 is the most probable velocity at room temperature (2200 m/sec) 
and a0 the corresponding cross section (usually referred to as the thermal 
cross section). 
The g-value will then be a function of the varying T about which the 
Maxwellian distribution is assumed. In general the g-value may be ex-
panded into a Taylor series about T0 as given by 
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In many instances the second and higher derivatives may be neglected. 
This is approximately true for cadmium for temperatures up to 2so0 c, and 
the series is terminated with the linear term. Equation 5 reduces to 
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where T0 = 20°c and o is the slope of the g-value curve from T0 to T. 
The more important assumption, as mentioned above, is that the 
neutron population has a t-llaxwellian distribution characterized by a 
temperature T which decays exponentially toward T0 according to the 
relation 
where k is a constant containing the initial conditions and tth is the 
thermalization time constant. Combining equations 6 and 7 yields the 
following expression for the g-value as a function of time: 
g(t) = g(T0 ) +¥kexp(-t/tth) • 
6 
7 
8 
Absorption leading to the decay of the neutron density is accounted 
for by multiplying the g-v~lue by exp(-~0 t). The resulting expression, 
can be shown to be proportional to the reaction rate as defined in 
equation 3 as follows: 
R(t) = A }~(v)~(v,t)dv 
0 
= A1 1:Cv)n(v,t)vdv 
By the definition of the g-value, a(v) = g a0 v0 /v. and if we set 
9 
3 
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n(v,t) = n(v)exp(- ~0 t), we obtain 
R(t) = A1 l~o0 v 0 /v)gn(v)vexp(-~0 t)dv 
Since n(v)dv is the neutron density from the source if leakage is 
ignored, it will be independent of time and one may write 
where R0 and R1 are constant coefficients. 
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Thus from the time at which all neutrons are in the thermalization 
region with an energy distribution corresponding to a temperature of 2so0c 
or less, in order for the linear model to be valid, equation 10 may be 
used to describe the physical situation. The thermalization t ime constant 
may then be determined by analyzing the curve as the sum of two exponen-
tials. If A1 and A0 are the decay constants of the two components, tth 
is given by the expression 
11 
An alternative approach suggested by Moller and Sjostrand assumes 
that the time dependent flux in an infinite moderator may be described by 
a series of eigenfunctions . Associated with each eigenfunction, 0i, 
is a decay constant Ai as follows: 
0(E,t) 12 
10 
i (E) is the Maxwellian distribution with A representing the decay 
0 0 ·, 
constant due to absorption. In this manner when all higher eigenfunctions 
have decayed (due to larger decay constants), the system is described in 
the normal fashion for thermal equilibrium. 
Higher eigenfunctions represent the deviation f.rom thermal equilibrium 
during thermalization. The next higher eigenfunction is assumed to decay 
with a constant 
Each succeeding decay constant will be larger and if contributions from 
higher eigenfunctions are assumed to be negligible, R(t) may be repre-
sented by 
R(t) = ;;(E,t)i (E)dE 
= exp(.:A
0
t) ).;0 (E)Z(E)dE + exp(-71it) 5_;;. (E)Z(E)dE. 
Since neither integra~ is a function of time R(t) reduces to 
13 
A0 will always be positive since 00 (E) is assumed a Maxwellian dis-
tribution. ~1, however, will yield a negative contribution at energies 
below 0.032 eV. Since A1 represents the first eigenfunction integrated 
over the cross section of the indicator, it is possible for A1 to be 
negative for some indicators. For cadmium, A1 is positive due to the 
large cross section at about 0.2 eV. 
11 
Both models may be seen to yield the same expression and the data 
were analyzed according to equations 10 and 13 which are identical in 
form. The thermalization time constant was then determined from equation 
11. 
The interested reader may find a more extensive treatment of the 
theoretical studies of thermalization in reference 8. The intent here 
was to provide adequate justification for the relationship which was used 
for reduction of the experimental data. 
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III. EXPERIMENTAL ARRANGEMENT 
A. General Description 
A general layout of the major components of the system is given in 
Figure l. The equipment is housed in three adjacent rooms which are 
separated by concrete walls . This is indicated by the dashed lines in 
Figure 1. The control and analysis equipment is housed in one room. This 
allows constant monitoring while an experiment is in progress. The 
generator room contains the high voltage equipment as well as the genera-
tor itself. The drift tube of the generator extends through the wall 
into the experimental room and into the water tank. Two detectors in 
plastic bags and the cadmium foil are submerged within the tank. Pro-
visions are made for removal of the foil while the generator is in opera-
tion. This allows background measurements to be taken under the exact 
conditions of the cadmium measurements. It is necessary, however, to 
shut down the generator between runs to repos i tion the foil and the 
scintillation detector. 
The function of the equipment is basically as follows. A START 
pulse from the control console t o the time of flight (T.O.F.) unit pre-
cedes the target pulse from the neut ron source by 0.5 µsec. The target 
pulse signals a burst of 14 MeV neutrons into the water tank. The START 
pulse to the T,O,F. unit triggers a pulse train which drives the analyzer 
consecutively from channel 1 through channel 400 by advancing l channel 
at a time at specified time intervals . This continues until such time as 
control 
console 
& 
tri.se;er 
generator 
I 
T.O.F. 
unit 
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Figure 1, General experimental layout 
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a STOP pulse is received. The STOP pulse originates in the scintillation 
detector and signifies a thermal neutron capture. Upon receiving a STOP 
pulse, the clock in the T. O.F. unit stops and a store pulse is sent to 
the analyzer to be registered in the channel to which it was driven 
during the time interval between the START and STOP pulses. The system 
now awaits another START pulse to repeat the cycle. This is repeated 
until sufficient counts are accumulated. 
In accumulating one set of data, two runs are necessary. One with 
the cadmium foil in place and one without the foil. The second run pro-
vides the background spectrum. After corrections have been applied to 
each of the runs, the background spectrum is subtracted from the cadmium 
spectrum. The difference spectrum is then analyzed according to equations 
10 and 13. 
The BF3 detector monitors flux exposure for each run. Th.e ratio of 
exposures between the two runs is used to normalize the two sets of data 
to the same exposure. 
The system as described above, can record only one neutron capture 
per neutron burst because of the limitations of the electronic equipment. 
Corrections must be made to account for the fact that all channels follow-
ing the one in which the count was stored, have lost their probability of 
recording a count and therefore the measured time distribution is dis-
torted. In order to account for this effect the total number of START 
pulses during each run must be known. An ordinary scaler was used for 
this purpose. 
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B. Texas Nuclear Neutron Generator 
Operation of the neutron generator is based on the production, ex-
traction, and acceleration of positive deuterium ions. Following ac-
celeration the ions st_rike a target where, by nuclear reaction, neutrons 
are produced. 
A schematic diagram of the major components of the neutron generator 
is shown in Figure 2 . A radio frequency type ion source produces the 
positive ions which are extracted by t gap lense situated beside the exit 
canal of the ion source bottle. Upon leaving the gap lense, the ions 
enter the electrostatic field of the accelerating tube which applies 150 
kV through a series of ten electrodes. After leaving the acceleration 
tube, the ions drift through a potential-free region, then strike the 
target. The entire system is maintained under vacuu~. 
A tritium target was used for this experiment utilizing the follow-
ing reaction for the production of neutrons: 
R2 + H3 l l ---
The angular distribution of neutrons from the reaction is nearly isotropic . 
If the angle Q of the outcoming neutron is measured with respect to the 
direction of the ion beam, the relative yield of neutrons and their energy 
as a function of Qare given in Table 1 (10). The kinetic energy of the ot 
particle accounts for the difference in energy between the Q-value (17.6 
MeV) for the reaction and the neutron energy. 
· water Extraction Ion 1 ines 
0- 5 kV pos. sourcel Accelerating e l ectrodes ~I 
R.F. base I I I I ·1 I IL Ill I I I Beam 
=a~ ~ ~ ~ ~ ~ l___ ~ l_! ~ L----==±=----' c:;:cher ~ 
Gap ~o target 
+l:~:i11 "-t: ((((((n/(( ~~~:ec~ l::::"v;!::;w 
Deflecti(?n pump plates plates 
Figure 2. Schematic diagram of Texas Nuclear Neutron Generator 
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p 
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Table 1. Relative yield and neutron energy as a function of the 
scattering angle 
Q Relative Energy 
(degrees) yield (MeV) 
0 1.00 14.74 
60 0.97 14.40 
90 0.94 14.06 
120 0.91 13.74 
150 0.88 13.51 
180 0.87 13 . 42 
The neutron generator is equipped with a dual pulsing system. Two 
sets of deflection plates are utilized to deflect the ion beam. The 
first set is physically located between the ion source bottle and the gap 
lense. Pulsing is accomplished by electrostatically deflecting the ion 
beam before it reaches the acceleration tube, then allowing the beam to 
enter the acceleration tube for selected periods of time at selected 
frequencies. The second set of deflection plates is located beyond the 
acceleration tube and operates in a similar fashion. The beam catcher 
following the second set of deflection plates must be water cooled due 
to the high energy of the deuterons from the acceleration tube. 
The two sets of deflection plates are driven by separate square wave 
generators. Both square wave generators, however, are controlled by the 
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same pulse generator . The pulse generator sends two pulses for each 
neutron burst produced. The normally large potential difference between 
each set of plates is removed by the initial pulse to the s quare wave 
generators and subsequently returned by the final pulse. The time inter-
val between the initial and final pulse determines the pulse width of the 
neutron burst. 
The pulsing system is capable of pulse widths as narrow as 1 Fsec. 
When rise times and decay times are included, the minimum obtainable 
pulse width is about 2 µsec . This is a cause for some concern in attempt-
ing to obtain time resolutions of 0.25 µsec . This problem is considered 
further in the discussion of the experiment. 
Further information on the Texas Nuclear Neutron Generator may be 
found in references (10, 11). 
C. Moderating Assembly 
The moderator consists of distilled water into which potassium di-
chromate is dissolved to reduce interaction between the water and the 
metal surface of the tank. Although potassium act ivates and emits 1$" 
radiation, it should be possible to discriminate against this parasitic 
radiation and it should not be a cause for concern. 
The water tank is a cubic structure of aluminum. The siae length 
is 120 cm. A cylindrical re-entrant tube is attached off center on one 
side and extends to the center of the tank. The drift tube from the 
generator extends into the re-entrant tube to a distance of approximately 
17a 
41 cm. The re-entrant tube is 8 cm. in diameter while the diameter of 
the drift tube is only 5 cm. The void created by this mismatch caused 
some difficulty in determining a reference point from which distance 
measurements were to be made. It also introduced a large perturbation 
in the medium. Due to the relatively larger void in the forward direction 
from the drift tube, measurements in this direction were not taken. All 
measurements were taken in the direction perpendicular to the drift tube 
and hence perpendicular to the ion flow . Scattering of neutrons in the 
re-entrant tube was ignored and the system was treated as though the 
source had the larger diameter of the re-entrant tube rather than the 
diamet er of t he target. 
D. Detection and Analysis Equipment 
The scintillation detector used in the experiment was a Harshaw 
Integral line det ector . It featured an RCA 8054, ten stage head- on t ype 
multiplier phototube with a 7.5 cm (3 in.) diameter race . The photo-
cathode had a minimum useful diameter of 6. 38 cm (2.59 in. ). A diagram 
of the voltage divider recommended and constructed for use with this de-
tector i s shown in Figure 3. 
The sodium present in the NaI crystal i s subject to activation by 
thermal neutrons. The subsequent decay releases ¥-rays with energies of 
2.75 MeV. As will be seen this radiation does not fall within the energy 
range of a -rays which were discriminated against. Since i n this case, 
it was not practical to di scriminate ~gainst the o - rays resulting from 
thermal neutron captures in sodium, it was necessary to reduce the thermal 
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flux entering the detector. This was accomplished by providing a thermal 
neutron shield around the detector . Powdered boric acid, packed to ap-
proximately 60% of theoretical density, provided the most practical and 
economical answer and was readily obtainable. With a shield thickness of 
1 . 25 cm., the calculated thermal flux reduction was by a factor of more 
than 100 . Subsequent pulse height measurements showed the contribution 
of the 2. 75 MeV 'lr-rays to be negligible. 
The voltage supply for the scintillation detector is provided by a 
Nuclear-Chicago model 181A scaler. The voltage is continuously variable 
from 500 to 3000 V; it was set at 1250 V. 
A BF3 detector was used for monitoring the flux levels of each run. 
Its voltage supply was provided by a Ridl model 206 scaler which also per-
formed the amplification and counting functions. 
Amplification of the pulses from the scintillation detector was per-
formed by an RCL model 20200, AI D-P preamplifier and an RCL model 20100, 
AID amplifier. The preamplifier had a gain of approximately 20, while 
the amplifier was capable of gains somewhat greater than 10,000. The 
amplifier contained a discriminator with which one may reject all signals 
of amplitude less than a preset amplitude. The discriminator had an ac-
curacy of± 0.5 V for measuring voltages from Oto 100 v. The output 
from the discriminator section was a negative pulse of 20 V with a 
pulse width of 0.3 µsec. This signal constitut ed the STOP pulse to the 
time of flight unit. 
The time of flight unit was capable of time resolutions of 0.25 psec. 
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It could record only one STOP pulse for each START pulse hence one pulse 
per neutron burst. This means that when an input pulse was recorded, 
for instance in channel 10 of the analyzer, channels 11 through 400 lost 
their probability of recording a thermal neutron capture. A computer 
code written by A.G. Adamantiades (8) was used to correct for this dis-
tortion. 
An additional limitation of this unit existed in recording the time 
interval between a START pulse and the subsequent STOP pulse. For a time 
interval between pulses of ~t, the T.O.F. unit would drive the analyzer 
for a time interval within the range of ~t t 0.125 )lSec. This caused 
some overlapping between adjacent channels in the forward direction. 
This problem is considered at length in the final section of the Appendix. 
The effect was negligible for a slowly varying spectrum and was not con-
sidered significant for this experiment. 
As the construction of the T.O.F. unit was in part the purpose of 
this thesis, an appendix has been added which contains a detailed de-
scription of the operation and use of the T.O.F. unit in conjunction with 
the Ridl multichannel analyzer. Schematic diagrams of the T.O.F. unit 
and the analyzer modification are included. 
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IV. PERFORMANCE OF TRE EXPERIMENTS 
While the major function of the analyzer was to record a time spec-
trum for the system, it was also utilized to determine optimum settings 
for much of the equipment used in the experiment. The adjustment of the 
potentiometer in the voltage divider for the detector was made by use of 
the analyzer and a cobalt-60 source (cobalt-60 emits o-rays of energies 
1. 33 MeV and 1.17 MeV in cascade). The potentiometer was set at the 
position which placed the 1.33 MeV o-ray in the highest channel of the 
analyzer which was operated in pulse height mode. The analyzer and the 
cobalt-60 source were also used to find the gain settings on the amplifier 
which provided the greatest stability against amplifier drift . It was 
discovered that the amplifiers were relatively stable over a broad range 
of gain settings. 
Pulse height spectra were then taken with and without the indicator 
foil. The results are shown in Figure 4, and for comparison Figure 5 
shows the comparable spectra from the Adamantiades experiments. The ob-
vious differences will be considered in the discussion. 
The analyzer was next placed in coincidence operation and the output 
from the discriminator in the amplifier was coupled to the analyzer co-
incidence input. The discriminator yielded an output, only when a voltage 
pulse of amplitude greater than the preset bias voltage from the dis-
criminator setting occurred. As the voltage pulse was proportional to 
the energy of the detected a-ray, the discriminator would yield an output 
only when o-rays above a prescribed energy were detected. The dis-
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criminator was then set at the voltage level corresponding to 2.36 MeV. 
Note that at all energies above this, the cadmium spectrum was higher 
than the background spectrum. 
Spectra similar to Figure 4 were taken for several foil to detector 
distances to find the optimum distance with respect to the cadmium (foil-
in) to background (foil-out) count ratio. The distance chosen was 4 cm. 
Within limits, the distance was not critical. 
In the interest of keeping the duration of each run as short as 
possible, it was desirable to utilize as high a pulsing frequency of 
neutron bursts as the time of flight unit could handle. It was also de-
sirable to allow sufficient time between bursts for the neutron population 
from the previous burst to die away. The T.O.F. unit can handle fre-
quencies up to about 6 kc/sec in the 0.25 psec per channel mode, but at 
this frequency the asymptotic spectrum from the previous cycle is still 
at roughly 60% of its extrapolated initial value. It was then decided 
that a frequency of 1 kc/sec should be used. This dropped the interference 
from the previous cycle to around 5%which was considered tolerable. 
An oscilloscope was utilized to check the pulse width of the target 
pulse. It was discovered that pulse widths of less than 3 )lSec resulted 
in an intolerable instability in the amplitude and shape of the pulse. 
The electronics were checked extensively without improvement. There was 
no alternative but to accept the 3 psec pulse width. 
The equipment was then connected as shown in Figure 1. The indicator 
foil and the scintillation detector were manually placed in the desired 
positions. A cadmium spectrum was taken and then, without otherwise 
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disturbing the system, the foil was removed and a background spectrum was 
also taken. This was repeated for several positions. Complete sets of 
data were obtained at least twice for each position. 
The data were processed by means of a computer code written by A.G. 
Adamantiades (8) . The code corrected both cadmium and background spec-
tra for the errors introduced due to the inability of the time analysis 
equipment to record more than one neutron capture per neutron burst ac-
cording to the relation 
B = 
n1 = 
Nk = 
number of 
number of 
B 
k-1 
B -Ct ni + ½ nk) 
i=l 
neutron bursts during the run. 
counts recorded in i th channel. 
number of counts which should have been recorded 
kth channel. 
in the 
14 
The code also normalized the cadmium and background spectra to the 
same exposure. Exposures were determined by the BF3 detector and counting 
system. After making these corrections it subtracted the background 
spectrum from the cadmium spectrum to provide the difference spectrum 
which was then analyzed by equations 10 and 13. 
Figure 6 represents a plot of the difference spectrum for one of the 
better runs . Considerable scattering is evident and the reason for this 
will be taken up in the discussion. The solid lines represent the decay 
constants as determined from the d ifference spectrum. It may be noted 
that the choice of slope for the asymtotic decay was not the o·nly possible 
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choice. All difference curves were plagued by this problem and some 
to a much greater exteni than the one shown. 
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V. RESULTS AND DISCUSSION 
The results are presented in Table 2. Uncertainties are not given; 
they were much too large to allow the spacial dependence to be discerned. 
Table 2. Experimental parameters versus distance from indicator foil 
to re-entrant tube 
Distance 
(cm) 
2.50 
3.75 
10 . 00 
12.00 
Ao (psec)-1 
.00607 
. 00754 
• 01 
. 0119 
. 0107 
• 00742 
A l tth 
(µsec)-1 (_µsec) 
. 253 4. 04 
. 214 4.83 
.252 4.14 
.231 4.57 
.231 4 o54 
.220 4. 70 
The distance from the re-ent rant tube to the indicator foil is given 
in the first column. The asymptotic decay constant, A0 , is given in the 
first column. This constant is the slope of the time distribution plotted 
on semi-log scale at times about 40 ~sec after the neutron burst . It 
represents the decay of the neutron population by absorption and leakage 
while the neutron spectrum has reached equilibrium with the medium 
(asymptotic spectrum) and therefore undergoes no change other than a uni-
form die-away process. The constant t1 is related to Eav which is the 
0 0 
theoretical decay constant of the equilibrium neutron flux for an infinite 
medium and a 1/v absorber. In this case Ea would belong to water since 
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absorption in water is mainly causing the neutron population decay, with 
v O being the velocity for thermal neutrons ( i.e. 2200 m/sec). The cross 
section for water can be assumed to be l/v in the thermal region. How-
ever, the experimentally determined A 0 is higher due to two factors. 
First, a finite rather than an infinite medium must be used by necessity, 
and second, the indicator foil introduces a considerable perturbation in 
the neutron flux in the vicinity of the foil. Because the foil has a 
much higher absorption cross section than the moderator, a net diffusion 
of neutrons into the foil results. Numerical comparison becomes difficult 
but it is obvious that A O will be higher than Zav0 • 
The third column gives the decay constant, A 1 , which essentially 
represents the deviation from the thermal equilibrium during thermaliza-
tion. Since 
A 1 = A o + 1/tth, 
the thermalization time constant tth may be obtained by 
which is a measure of the rate at which the neutron flux approaches 
thermal equilibrium. Values of tth are given in column 4 of Table 2 . 
The derived values of the thermalization time constant are higher 
than those of Adamantiades, and Mi11er and Sjgstrand. They obtained 
4.0 ! 0.4 µsec and 4.1 ± 0.4 psec respectively. The uncertainties in-
volved in the determination of the constants for this experiment could 
easily account for the discrepancies. 
Clearly the results obtained from this experiment fall far short of 
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those necessary for the determination of the spacial dependence of the 
thermalization time constant. The statistical fluctuations in the asymp-
totic decay region of the difference spectrum were intolerable. The 
uncertainty in determining the asymptotic decay constant,A 0 , was so 
high in some cases that data had to be discarded. The problem became 
more acute with increasing distance from the source. The origin -of this 
problem should now be discussed. 
The pulse height spectrum obtained in these experiments is shown in 
Figure 4 while a comparable spectrum from the Adamantiades experiments 
is given in Figure 5. The foil-in to foil-out ratio above 2.2 MeV dif-
fers significantly in the two experiments. The ratio for the present 
experiments was approximately 1 . 25 in marked contrast to a ratio of about 
4 shown in Figure 5. With such a poor ratio, large accumulated counts 
are necessary to overcome statistical fluctuations present in all measure-
ments of this type. Two factors combined to prevent this. The first 
originated from the large concentration of ~ radiation accompanying the 
neutron burst. The ratio of counts per channel in the prompt peak to 
counts per channel in the asymptotic region generally exceeded 103• 
The second factor arose from the analyzer capability of recording 
5 
only 10 counts per channel. This, coupled with the need to know the 
exact number of counts recorded in each channel to affect statistical 
corrections for the T.O . F. unit, severely limited the accumulation of 
sufficient counts in the asymptotic region. When the count in a given 
channel exceeded 105 , overflow occurred, and the count started again from 
zero. Some extension in running time was possible by taking this into 
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account but it was difficult to keep track of channel overflow accurately. 
To better illustrate the problem, assume the average number of counts 
per channel (N) in the asymptotic region to be 400. This represents a 
reasonable average for the present experiments. The s tatistical fluctu-
ations present in the experiment may be represented to a good approxima-
tion by the square root of the number of counts. N may then be repre-
sented as 
By using N = 400 for the cadmium spectrum and a foil-in to foil-out ratio 
of 1.25 the following is obtained: 
and 
Nin= 400 t 20 counts/channel 
N = 320 + 18 counts/channel 
out 
Statistical corrections from equation 14 varied by a factor of 3 to 
4 in the asymptotic region, but were approximately the same for both 
cadmium (foil-in) and background (foil-out) spectra as the prompt peak 
was generally the same for both runs . Assuming the correction factors 
to be the same for both and representing them by c, the difference spectrum 
becomes 
Na= (Nin - Nout)C counts/channel 
= ( 80 t /202 + 182 )C counts/channel 
= ( 80 ± 27)C counts/channel 
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The statistical fluctuation is seen to be nearly 34% of the average 
number of counts per channel. 
In order to improve on this point a number of things may be suggested. 
First, an additional decade in the analyzer (it is built with the capa-
bility to accommodate one. more decade) would allow higher asymptotic 
counts by a factor of 10. This means that with Nin= 4000 + 63 and 
Nout = 3200 ± 57, the difference counts would become 
Nd= 800 t 85 counts/channel. 
The correction factor would remain unchanged but the statistical 
fluctuations are now 10% of the average number of counts per channel in 
the asympt.?tic region. 
The second direction toward improvement would be to obtain a differ-
ence spectrum more nearly like that shown in Figure 5. This could pre-
sumably be accomplished with a moderator of pure distilled water as op-
posed to the present moderator which contains potassium dichromate. More-
over, the present moderator has been utilized in several previous ex-
periments from which more impurities were undoubtedly added to the water. 
To examine the value of the improved foil-in to foil-out ratio, N 
is again assumed to be 4000 (i.e. an additional decade in the analyzer 
is assumed) . Proceeding as before with a foil-in to foil-out ratio of 4, 
one obtains 
Nin= 4000 + 63 counts/channel 
Nout= 1000 + 32 counts/channel 
and the resulting difference count is 
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Nd= (3000 + 7l)C1 counts/channel 
where c1 differs somewhat from C due to the decrease in the ratio of 
counts per channel during the prompt peak to that in the asymptotic re-
gion. The statistical fluctuations have now been reduced to around 3%. 
This should be satisfactory for the purposes of the experiment. 
It is worth noting, that the part in which the potassium dichromate 
played in the difficulties associated with the foil-in to foil -out ratio 
from the pulse height spectru,m has not been established. Subsequent ac-
tivation analysis revealed no significant ~ -ray contribution above 2.36 
MeV. Of course this does not preclude the possibility of short lived 
activity or of prompt 1 - ray contribution above this energy . Nor does it 
preclude possible impurities from previous experiments. 
The magnitude of the distortion in the foil -in and foil-out spectra 
caused by the T.O.F. unit (see Appendix) may be examined in the following 
manner. First t he foil-in spectrum for a typical run is plotted on semi-
log paper. The spectrum is then approximated by a number of straight line 
segments, each of which fits an approximate expone~tial over the region 
which the straight line spans. The correction factor for the channels 
spanned by each straight line may then be estimat ed according to equation 
25 from the Appendix as g iven below 
where Fm/Ft is the ratio of counts r ecorded per channel to true counts per 
channel and ~ i s expressed in (µsec) -l . 
When this procedure was applied, the maximum deviation was found to 
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be under 1% for the channels representing the thermalization and asymptotic 
decay regions. This value occurred in the first few channels of the 
thermalization region and the correction factors for succeeding channels 
decreased rapidly. For this reason the corrections were unnecessary and 
were not applied in this experiment . 
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vr. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
There were two main objectives associated with this thesis. The 
first and principal objective was the determination of the spacial de-
pendence of the neutron thermalization time constant in water . The second 
objective required for the achievement of the first was the construction 
of a time analysis unit capable of time resolutions of 0.25Jlsec. This 
was needed because of the rate with which thermalization takes place in 
water. 
The procedure by which the measurements were made was the same as 
used by ~ioller and sjistrand and again by Adamantiades in their studies 
of water assemblies. Short, essentially mono-energetic, bursts of fast 
neutrons were periodically introduced into the center of a water tank. 
Sufficient time was allowed between bursts for the neutron population f r om 
previous bursts to die away. The resulting neutron flux spectrum was 
sampled by the use of a cadmium indicator (a foil in this case). The 
prompt o radiation, which results from neutron captures in cadmium, pro-
vided a means of determining a reaction rate which can be related to the 
neutron flux and the thermalization time constant. 
The problem of sufficient time resolution was solved by the con-
struction of the time-of-flight unit, a digital device designed specifical-
ly for use in conjunction with the Ri dl mul tichannel analyzer. As this 
was a main part of the thesis, an appendix was added to explain the opera-
tion of this unit . 
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Limitations in the existing equipment and various technical diffi-
culties prevented accurate determination of the thermalization time con-
stant. The severest limitation appeared to originate from impurities in 
the moderator which adversely affected the prompt o spectrum from the 
moderator. The duration of the experimental runs was limited by the num-
ber of counts which the analyzer could handle per channel. This resulted 
in rather low number of accumulated counts in the asymptotic region with 
high statistical fluctuations. These were seen to cause most of the dif-
ficulties and to obscure the effect of some of the lesser problems. 
In addition to the above listed limitations there were two other 
major causes for concern. The pulse width of the generator was too large 
for this application and a substantial void was present between the source 
and the moderator. 
The adjustments necessary to overcome these difficulties were not 
within the scope of this thesis. Because of the expense and time involved, 
these improvements were left for future investigators. 
It is suggested that an additional decade in the analyzer and a 
change of moderator would allow a more accurate assessment of the effects 
of the pulse width of the neutron generator and the void between the 
source and the moderator. A proposed addition to the neutron generator 
which is now under consideration would remove the difficulty associated 
with the pulse width of the generator. Further, the problem of the void 
was purely a mechanical one and it might be solved in a number of ways. 
One of them would be to replace the bulky aluminum re-entrant tube by a 
smaller plexiglass tube closely fit to the dimensions of the drift tube 
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of the neutron generator. 
A further improvement would be desirable in the design and construc-
tion of a more efficient thermal neutron shield for the NaI crystal. This 
would reduce the size of the shield and hence the perturbation. Boron 
carbide would be better than boric acid as it provides a much larger 
concentration of boron and would require a smaller thickness. 
Another factor, which might be considered, is the reduction of the 
perturbation caused by the insertion of the indicator foil into the medium. 
One answer would be to use a cadmium solution in a container as the indi-
cator and then to poison the moderator to the same macroscopic cross 
section as the indicator with boron, as was done by Moller and Sjostrand. 
This would, however, probably reduce the intensity of o radiation from 
the indicator and also make determination of the spacial position more 
difficult. It is questionable whether the reduction of the perturbation 
is worth the loss of intensity and no recommendation is made here. 
With these improvements it seemed possible that the space dependence 
of the thermalization time constant can be established. 
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IX. APPENDIX. TIME OF FLIGHT UNIT 
A. Introductory Remarks 
The time of flight unit, henceforth to be abbreviated T.O.F. unit, 
was designed for use in conjunction with the Ridl multichannel analyzer. 
The analyzer itself contains a time mode but is capable of resolutions 
not smaller than 12.S psec per channel. This was of little use since the 
entire range of interest was less than 100 )lSec. When the T. O.F. unit 
was added, resolutions of 0. 25, 0.50, 1.0 and 2.0 psec were available. 
The description of the operation of the T. O.F, unit given below will 
be somewhat of a block diagram approach. The function of each circuit, 
rather than the manner in which the function is performed, will be 
stressed. Operation of the analyzer in pulse height mode will be con-
sidered first, since it is in this mode that the analyzer is placed when 
the T.O.F. unit is used. 
In principle, operation of the analyzer in pulse height mode is 
simple. The voltage range of interest is divided into 400 equal segments. 
Each segment corresponds to one channel of the analyzer. An analog-to-
digital converter measures the incoming voltage pulse and emits a train of 
pulses of constant ampl~tude and frequency, for a period of time propor-
tional to the amplitude of the incoming pulse. The analyzer address 
system, initially in channel l, advances one channel with each pulse from 
the pulse train. A count i s then recorded in t he channel to which the 
analyzer was driven. 
In general there are two types of units which could perform the 
necessary functions with time resolutions suitable for the experiment. 
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One is a time-to-amplitude converter. The time-to-amplitude converter 
sends a pulse to the analyzer with an ampl itude proportional to the time 
between the START and STOP pulses . The analyzer is operated in pulse 
height mode as described above. The second type generates a continuous 
pulse train upon receipt of a START pulse. The pulse train continues 
until it is terminated by a STOP pulse. The pulse train bypasses the 
analog-to-digital converter in the analyzer and drives the address ad-
vance unit directly. The T.O.F. unit is of the latter type. The func-
tions which the T.O.F. unit must perform are considered next. 
The T.O.F. unit must, upon receipt of a START pulse, place the 
analyzer in channel 1 and then advance it consecutively through its chan-
nels until the advent of a STOP pulse. The channel advance must be ac-
complished by means of a pulse train (the channel width being determined 
by the time interval between successive pulses). Upon receipt of a STOP 
pulse, the pulse train must be terminated. A store pulse must then be 
sent to the analyzer . Provisions must also be made to terminate the 
pulse train in the event the analyzer reaches channel 400 without re-
ceiving a STOP pulse. This must be accompl i shed without registering a 
count in the analyzer. 
As more than one STOP pulse could occur per START pulse, it is neces-
sary that the T. O. F. unit pass only the first. This is because the chan-
nel advance terminates with the first STOP pulse and all others would be 
recorded in the same channel . This would l ead to considerable distortion 
of data. The loss of counts due to the recording of the first STOP 
pulse only per cycle may be accounted for stati stically. 
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It is left to the operator of the equipment to insure that a second 
START pulse doesn't occur before the T.O.F. unit is ready to receive it. 
This may be accomplished by insuring that the period between start pulses 
is longer than the maximum time required to complete a cycle. 
B. Theory of Operation 
In order to alert the reader to the closed loop nature of the T.O.F. 
unit, a block diagram is first considered with each block representing 
several circuits grouped arbitrarily together and given a name descrip-
tive of the functions they perform. The more detailed diagram is then 
considered and reference to the preceding block diagram is made to keep 
the reader in better touch with what is being done by each stage. 
A functional block diagram of the T.O.F. unit is given in Figure 7. 
Different types of lines are used to indicate the source of the informa-
tion being transferred from one block to another. The dotted line im-
plies the signal results from the START pulse. The dashed line indicates 
a signal initiated by the STOP pulse, while the heavy solid line implies 
information from both pulses. The light solid line shows neither the 
START pulse nor the STOP pulse affects the signal. 
First, a START pulse will be considered. Assuming that the maximum 
frequency for START pulses has not been exceeded, the electronic START 
pulse switch is open. The START pulse resets the analyzer to channel l 
and repositions the T. O.F. pulse train multivibrator. The pulse train 
delay assures sufficient time for this before triggering the timing 
position toggle (T.P.T.) switch. The T.P. T. switch has three functions. 
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Figure 7 . Funct ional block, diagram of T.O.F . unit 
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It opens the electronic STOP switch, closes the electronic START switch 
and switches on the pulse t rain which drives the analyzer address system. 
The T.O.F. unit is now in the following position. A STOP pulse may 
enter the T. O. F. unit whil e a START pulse can not. The analyzer is being 
advanced one channel at a time at given time intervals. One may now pro-
ceed to follow a STOP pul se through the T.O.F. unit. 
A STOP pulse passes through the pulse shaping circuit and through the 
electronic STOP switch to the storage control . The storage control sends 
an "initiate store" pulse to the analyzer and r eturns the T.P.T. switch 
to its former position. This shuts off the electronic STOP switch, re-
leases the START switch and terminates the pulse train to the analyzer 
address system. The storage control has a third output which triggers 
the store pulse delay. This delay holds the electronic START pulse 
switch off for an additional 40 psec to assure sufficient time for the 
analyzer to record the input s i gnal. 
In the event the analyzer should reach channel 400 without receiving 
a STOP pulse, it sends an address overflow pulse to the storage control. 
The storage control performs exactly as with a STOP pulse except that no 
"initiate s tore" pulse is sent to the analyzer. 
Before considering the more detailed schematic diagram, a brief 
description of the computer logic symbols used in Figure 8 is given. 
1. A circle between a component and the line to or from it implies 
a low {negative polarity) pulse while the absence of a circle implies a 
high (positive pol arity) pulse. 
Figure 8. Detailed diagram of T. O. F. unit 
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2. ~ the "and" gate. Inputs a and b must be 
low simultaneously in order to obtain a 
high output . 
4. 
-{>-
the "or" gate. A low pulse to either input 
a or input b will yield a high output pulse. 
the "inverter". The input pulse is inverted 
in polarility. In this case, a low input 
pulse yields a high output pulse. 
The T.O. F. unit makes extensive use of two Fairchild integrated 
circuits, Epoxy U8A99232 8X and Epoxy U8A991428X. They will subsequently 
be referred to as 923 and 914 respectively. The 923 functions as a com-
mon bistable multibrator while the 914 consists of two separate amplifiers. 
With proper biasing either amplifier can serve as any of the three logic 
components described above. 
A detailed schematic diagram of the T.O.F. unit is shown in Figure 8. 
The power supply and several of the filters are not shown in the diagram. 
A detailed description of the unit and its functions is given in the 
following: 
Consider first a START pulse reaching Q41, which inverts and attenuates 
the pulse. The low pulse from Q41 is applied to pin 1 of T31, the electronic 
START switch. T31 consists of two "and" gates in parallel. If pins 2, s, 
and 5 are at low potential, as is the case if the maximum START pulse 
frequency has not been exceeded, a high pulse is applied to pin 1 of T 32 . 
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T32, T33, and T35 comprise the address reset and pulse train delay 
circuit. T32 and T35 are one shot multivibrators. When triggered, they 
remain in the astable position for a period of time depending on the RC 
time constant of the resistor and capacitor shown but not physically 
located, within each. 
T32 is triggered by the high pulse from T31. The leading edge of 
the resultant high gate from T32 passes through Q44 and resets the 
analyzer address system to channel 1. The leading edge of the high gate 
also repositions the pulse train multivibrators through the first half of 
T33 and Q31. The pulse train circuit will be considered later. 
The time delay for resetting the address system is accomplished by 
inverting the high gate from T32 before applying it to T35. T35 requires 
a high pulse to trigger it. This means T35 will be triggered by the lag-
ging edge of the gate from T32. The lagging edge occurs as T32 returns 
to its stable position. The width of this gate is 0 . 9 ~sec and repre-
sents a fixed delay between the START pulse and time when the pulse train 
to the analyzer is initiated. 
The high gate from T35 is inverted by the second half of T33 and 
applied to pin l of T34, the T.P.T. switch. T34 is a bistable multivi-
brator, which will give outputs of the polarity indicated in Figure 8 
under the following conditions: 
(1) pin 1 of T34 must be at low potenti al (this condition is now 
satisfied). 
(2) a low pulse is incident upon pin 2 of T34. 
44 
Not only must both conditions be satisfied but condition (1) must 
precede condition (2). In other words the leading edge of the low pulse 
to pin 2 will trigger T34 if and only if pin 1 is already at l ow potential. 
Consider now the input to pin 2 of T34. This originates from Ql3 
which is the final stage of the master timer . Ql3 along with Qll, Ql2 1, 
and the eight megacycle crystals combine to form a standard type of eight 
megacycle oscillator. The output from the oscillator is a continuous 
eight megacycle pulse train, independent of all inputs to the T.O.F. unit. 
As the inputs to pins 1 and 2 of T34 are independent of one another, 
the time interval between the low gate to pin land the next low pulse 
to pin 2 from the master timer will vary from cycle to cycle. The time 
interval between successive low pulses from the master timer is 0 . 125 psec. 
This represents the maximum possible time interval between the low gate 
to pin 1 of T34 and the low pulse to pin 2 which will trigger T34. 
The outputs from the T.P.T. switch, T34, consist of a high gate from 
pin 5 and a low gate from pin 7. The low gate from pin 7 is applied t o 
Tll, pins 1 and 3, of the pulse train circuit. 
The pulse train circuit consists of Tll, Tl2, Tl3, Tl4, TlS, Tl6, Tl7. 
and the channel width selector switch. Tll, Tl2, Tl3, Tl4 are Fairchild 
923's, as is the T.P.T. switch T34 . Unlike T34, however, pins 1 and 3 
of Tll, Tl2, Tl3, and Tl4 are tied together . This means that if pins 1 
and 3 are at low potential, each low pulse applied to pin 2 will cause 
the multivibrator output to change polarity. Hence each requires two in--
put pulses t o yield one output pulse. By connecting these in series and 
applying an input pulse train to Tll, we obtain a pulse train from each 
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with a frequency of exactly one half the input frequency . Applying the 
eight megacycle pulse from the master timer to pin 2 of Tll will yield 
output frequencies of 4.0, 2.0, 1.0 , and 0.5 Mc/sec respectively from 
Tll, Tl2, Tl3, and Tl4. These frequencies correspond to periods of 0.25 , 
0 . 50, 1 . 0, and 2 .0 psec respectively which are the channel widths avail -
able from the T.Q.F. unit. The channel selectc= switch ' along with TlS, 
Tl6, and Tl7 combine to select the output which will drive the analyzer. 
TIS and Tl7 also function as amplifiers. The output to the analyzer 
address system is taken from pins 6 and 7 of Tl6. Note that pins land 3 
of Tl2, Tl3, and Tl4 are grounded and therefore always low. The output 
from the master timer is connected directly t o pin 2 of Tll . The pulse 
train circuit needs only the low gate from T34 t o pins land 3 of Tll to 
drive the analyzer address system. As will be seen, a STOP pulse removes 
the low from pins 1 and 3 of Tll hence terminating the pulse train . The 
reason for repositioning the pulse train circuit is obvious. The multi-
vibrators will remain in whatever position they happen to be when the 
STOP pulse removes the l ow from pins 1 and 3 of Tll. They must be reset 
to assure that channel 1 will remain open for the correct length of time . 
This is accomplished by the leading edge of the high gate from T32 through 
Q44 to pin 6 of each multivibrator. Those in the improper position will 
be toggled while those in the proper posit i on will be unaffected. Re-
turning t o T34, the high gate from pin 5 is appl ied through a 470 ohm 
resistor to pin 5 of T31 and effectively shuts off the electronic START 
switch until T34 changes polarity (this occurs upon receipt of either a 
STOP pulse or an address overflow pulse t o t he storage control) . Q48 
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in conjunction with its collector circuitry comprises the electronic 
STOP switch. For clarity this circuit is reproduced in Figure 9 with 
Q48 shown as a two position switch.· 
This is the position. prior to the high gate from pin 5 of T34 to 
Q48. Q48 is biased at cutoff and the diode is biased at 3.8 volts in t he 
reverse direction. The low STOP pulses from Q42 are not of sufficient 
magnitude to overcome this bias and the pulses will not pass this point. 
When the high gate from T34 is applied to Q48 , it saturates and 
virtually becomes a short circuit. This corresponds t o moving the switch 
shown in Figure 9 to the grounded position. The reverse bias across the 
diode now becomes very small. A l ow pulse from Q42 will overcome the 
diode bias and will pass to Q49. 
The time has come t o consider a STOP pulse. The pulse shaping cir-
cuit consisting of Q47 and Q42 decreased the amplitude and pulse width 
of the STOP pulse . The low pulse passes through the now open, electronic 
STOP switch t o Q49 . Q49 and T36 combine to form the storage control . 
Q49 inverts the low pulse and applies a high pulse to pin 3 of T36 and 
to Q43. The pulse to Q43 is coupled into the analyzer where a count is 
registered. T36 is an "or" .ga'te which can be triggered by an input to 
either pin 3 or pin 5 . (An input to pin 5 would -signify the analyzer 
has reached channel 400). The low pulse from T36 is inverted and· applied 
to pin l of T38, another one shot multivibrator. The high gate from T38 
is inverted by the second half°' of T3 7 and applied to pin 3 of T34 the 
T. P.T. switch. The next low pulse applied to pin 2 of T34 by the master 
timer will yield outputs of polarity opposite to that shown in Figure A-2. 
l, oM 
STOP '-fOOp'F. 
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Figure 9. Equivalent electronic stop switch 
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The outputs from T34 will now terminate the pulse train to the 
analyzer, close the electronic STOP switch and release the electronic 
START switch. 
The high gate from T34 is also applied to pin 3 of T31 which will 
hold the electronic START switch off until T38 returns to its stable po-
sition. When T38 returns to its stable position, it triggers T39. 
The high gate from T39 is applied t o pin 2 of T31 and holds the electronic 
START switch off until T39 returns t o its stable position . T31 is then 
unable to receive another START pulse for approximately 40 µsec following 
the receipt of a STOP pulse. The 40 µsec being the sum of the durations 
of the astable periods of T38 and T39. Following this delay the elec-
tronic START switch will be open t o receive another START pulse and allow 
the cycle to be repeated. 
The analyzer modification is shown in Figure 10. The switch and the 
5 pin hexagonal connector are physically located on the front panel of 
the analyzer. The diode and the 10 kohm resistor shown connected to 
board S-3, pin 2, are physically attached to the interlock of board S-3. 
All other circuitry is mounted on a vector board which is attached to 
the top of board S-3 in the analyzer. 
The function of the modification is essentially to couple the various 
outputs from the T.O.F. unit into the analyzer wit h proper phase and 
amplitude . A 10 uF capacitor is placed across the negative 10 v supply 
line of the analyzer which provides power for the modification circuitry. 
This provides additional filtering. The diode and the 10 kn.resistor 
,OCII JJ,F. ;-
J" 2 - / 0 
• IOv' l IJ(/b·pF". 
zo.u.F r 2S'V 
T~7E 
2.ZK 
- I OV 
ff P I N C OWNSCY0!1 
~ P /IV CONfJi.,C.TOR 
":' 
T 28 C. 
+ IOV 
- IOV 
_ ~ 2:~erng 
-I ~.-m. 
.01 2,uf:' 
R l l> L T.O.F. 
2.2t< 
• ,ov 
·racic 
-IOV 
I N 276 T27C. 
·re 
~Td 2N'2! C,~0 "S _ : 2NJ638 
R.IOLon:·r..f': 1Nt0 5-3 
- - - - - - - - - _.. '• ~ PII'\ 2. 
. IOt~ 
- rov 
Figure 10. Diagram of Ridl multichannel analyzer mod i fication 
.i::-
'° 
50 
are added to prevent blanking of the first several channels of the 
analyzer which occur red previous t o t he addit ion . As a consequence of 
t he modification, the first two channels are unreliable. There is, 
however, no effect on the remainder of the channels nor does t his affect 
the stat istical considerations. 
c. St a t istical Considerations 
To provide more insight into the nature of the uncertainties involved 
in recording a time int erval At between START and STOP pulses, a timing 
diagram is given in Figure 11 . The time interval At is the differ-
ence between t 0 and t 5• 
The 8 Mc/sec master timer output (Figure lla) is continuous and i n-
dependent of inputs t o the T. O.F. unit . A START pulse (Figure llb) 
is shown t o occur a t time to . At time t 1 the output from T32 is shown 
in Figure llc to trigger T35 (Figure lld) upon the return of T32 t o its 
stable position. Time t 1 is seen to lag time t 0 by a constant time int e r - -
val of 0.9 µsec corresponding to t he astabl e period of T32 . As noted 
previously this delay allows sufficient time t o reset the T .o .F . un i t's 
pulse train multivibrators in the event they should be out of position 
(see Figure llh, i which show the outputs from two of them, one of whi ch 
is shown out of posit ion at time to}, Th~ analyzer address index is also 
returned to channel 1 during this int erval . 
The output from T35 is inverted and appl ied t o pin 1 of T34 (Figure 
lle). The output from T34 (Figure llg) is shown t o occur not at time t 1 
when the input to pin 1 of T34 becomes l ow but at t i me t 2 when the next 
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low pulse from the master timer is incident upon pin 2 of T34 (Figure lla). 
The output from Tll is now seen to change polarity with each succeeding 
low pulse from the master timer. This output will be selected to drive 
the analyzer when a channel width of 0.25 µsec is chosen. Each suc-
ceeding low from this stage advances the analyzer 1 channel . Tll also 
triggers Tl2 in the same manner and the output from Tl2 drives the 
analyzer when a channel width of 0.50 psec is chosen . 
Next consider a STOP pulse to occur at time t 5 (note that the time 
interval between time t 3 and time t 4 is not speci fied but would be of a 
fixed duration for a given time interval between successive START and 
STOP pulses). A low gate is incident upon pin 3 of T34 (Figure llf) at t i me 
t5. The output from T34 is noted to change, not at time t5 but at time t5, 
when the next low pulse from the master timer is applied to pin 2 of T34. 
At this time the pulse train to the analyzer is terminated and a count 
is stored in the channel to which the analyzer was driven. 
As noted above the master timer operates independently of inputs to 
the T.O . F. unit. It does, however, perform the function of starting and 
terminating the pulse train which drives the analyzer . Ideally the sys-
tem should place a count in channel 1 each time a STOP pulse occurs 
within a time interval of Oto w psec of the preceding START pulse 
(where w represents the chosen channel width in )-lSec). Similarly the 
system should place a count in channel 2 for a time interval from w to 2w, 
and so on. It is obvious, however that time intervals less than 0.9 psec 
will not even be recorded due to the fixed delay mentioned above. This 
creates no real problem since it is constant and can be taken into 
account. Besides the time measurements are useful in a relative not 
an absolute basis . The time intervals t 2-t1 and t6-ts are not constant 
and it is the effect of these time uncertainties which must be considered. 
The question is whether or not the uncertainties cause an input pulse to 
be registered in the wrong channel if the right channel is as defined 
above . 
consider Figure 12 where the problem is more clearly illustrated. 
From this point the fixed delay of 0.9 psec is ignored and only the 
problem of placing the time interval of t5-t1 in the proper channel is 
considered. The period of the master oscillator is designated as 
T (T = 0.125 µsec) and the channel width selected is designated as w. 
Notice that for the time interval t6-t2 shown, corresponding to the 
time for which the pulse train drives the analyzer, t 1 and t 5 may lie 
within the ranges shown. The time interval t5-t1 may vary by as much 
as 2T, yet be represented by pulse trains of identical length. 
In Figure 13, a given time interval t 7 (where t7 = t5-t1) is con-
sidered. For the START pulse occurring at t 1 , the time interval is 
• t 
represented as t6-t2; while for the START pulse occurrmg at t 1 and 
for the same START to STOP time interval t 7, the time interval is repre-
' sented as t 6-t2. In the specific case shown, t 7 is a time interval in 
the range 3T ~ t 7 ~ 4T. whereas we define t5-t2 as representing a time 
interval in the range 3T ~ t 6-t2 • ~ 4T, and t 6-t2 as representing a time 
interval in the range 4T ~ t6-t2 ~ ST. 
To avoid cumbersome notation, the time interval t 7 will be hence-
forth called simply t. Then the probability that a time interval tin 
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the range (n-l)T ~ t ~ nT will be represented by a pulse train which, by 
definition, represents time intervals in the range nT 5 t ~ (n+l)T is 
t - (n-l)T 
P(nT) = - T---- (n-l)T ~ t ~ nT, 
where n = 1, 2, 3, ••. and is chosen to satisfy the inequality. 
Because the channel width is equal to an integer multiple of T, 
15 
it is apparent that many of the incorrect representations are still re-
corded in the proper analyzer channel. For a channel width w = 0.25 µsec 
as was the case in the present experiments, we note that terms correspond--
ing to odd integers of n will be recorded in the proper channel. For 
example, let n = 1 whereby equation 15 yields the probability that an 
interval in the range O ~ t ~ .125 µsec will be represented by an in-
terval in the range .125 ~ t ~ .25 µsec. Since both would be recorded 
in channel 1 of the analyzer, it has no effect on the resulting distribu-
tion. In general, for a channel width w, the terms that need correction 
are those corresponding to values of n which are integer multiples of w/k 
(also an integer). Therefore if we replace the index n by wk/T, w~ obtain 
P(k) = t - (wk - T) 
T 
(wk - T) ~ t ~ wk, 
where w = the channel width (psec), 
T = the oscillator period (.125 )lSec), 
k=l,2,3, •.. 
and P(k) is the probability that a time interval belonging in channel k 
will be recorded in channel (k+l). Note that P(k) = 0 for al l t not 
falling in the proper interval accompanying equation 16. The probability 
functions are shown in Figure 14. Each function is continuous over the 
P(k) 
0 
1 
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interval for which it is defined. 
Consider the effect of the probability functions in recording a 
time spectrum defined by f(t). The quantity of interest is the ratio of 
the measured to the true number of counts per channel as a function of 
the channel number k. 
w(k-1) 
l(k-l)f(t)dt 
_ w(k-1)-T 
wk 
+ kct)dt -
/4,(k-l) 
w 
~t)dt 4~~-1) 
wk 
'(k)f(t)dt 
/4~c~T 
where the first and third terms in the numerator represent t he counts 
gained from channel (k- 1) and the counts lost to channel (k+l) respective-
ly. The middle term represents the true count f or channel k. This re-
duces to 
w(k-1) wk 
i:(k-l)f(t)dt - tk)f(t)dt :1+_w_(_k_-_l)_-_T __ ~ __ w_k_,-_T ___ _ 
wk 
r;(t)dt 
)w(k-1) 
Rearranging equation 16, P(k) and P(k-1) become 
P(k) = t/T + (1 - wk/T), 
P(k-1) = t/T + [l - w(k-1)/TJ. 
17 
18 
19 
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Substituting equations 18 and 19 into equation 17 and performing 
the integrations yields _ 
wk w(k-1) 
G[w(k-1)] - G(wk) 
= 1 + 
= 
wk 
'(t)dt -
/4k-T 
G(wk) 
w(k-1) 
kct>dt 
4~k-l)-T 
+ (1/I')[ i(t)dt -i.(t)dt] 
wk-T w(k-1)- T 
- G[w(k-1 )] 
-
T G(wk) - T G[w(k-1)) 
where G(t) is defined by 
and 
G(t) = J<t)dt 
b f (t)dt • G(b) - G(a) . 
a 
To illustrate, suppose f(t) = Aexp( At), equations 18, 19, and 21 
yield 
= 
[l - exp( - ~ T) J 
>.T 
20 
21 
22 
23 
24 
The equation checks, qualitatively at least, from the physical 
standpoint . That is , the ratio is less than 1 for positive A, greater 
than 1 f o·r . negative >i , and equal to 1 for A= 0. The latter is obtained 
by letting ~ approach O from either the left or the right. 
It is interesting t o note that if the spectrum is represented by an 
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exponential function of time, the ratio Fm/Ft is independent of both 
channel number and channel width. If the time distribution may not be 
assumed an exponential, the curve as obtained on semi-log paper may be 
divided into a number of straight lines and a correction factor computed 
for each of them. By this approach one may estimate when the correction 
factor becomes significant in terms of the magnitude of >-.. Equation 
24 may be expanded in a Taylor series to obtain 
1 - (1 - ,XT + 
For i'IT « 1, higher order terms may be . neglected whereby 
25 
If a maximum allowable error is used (which determines Fm/Ft), equation 
25 may be used t o obtain a maximum value of~ provided that the condition 
AT<< 1 is fulfilled . 
Other functions may be assumed f or f(t) . The advantage of the ex-
ponential lies in the fact that the correction factor is independent of 
both channel width· and channel number and that only ).. and T enter into 
the calculation. 
